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INTRODUCTION

Accurate in situ determination of gas and flame temperature and species con-
centrations are required for elucidating the complex dynamics involved in ballis-
tic events. As new propellant materials are developed, these measurements can
provide a means of evaluating their ballistic properties and are useful for com-
parison with ballistic computer calculations.

A wide data base of experimentally measured propellant flame temperatures
and in situ species concentrations is nonexistent primarily because propellant
flames are transient, turbulent, particle-laden, and luminous. These properties
of propellant flames make conventional measurements, such as line reversal and
Raman, difficult or impossible to perform. A relatively new technique [Coherent
Anti-Stokes Raman Scattering (CARS)] may greatly facilitate in situ measure-
ments. Recently CARS spectroscopy has been used to investigate not only station-
ary laboratory flames but also flames of practical interest (refs 1 through 4).
The results of these studies indicate that CARS measurements can be performed

upon nonideal flames such as those produced by propellants.

CARS PROCESS

The CARS process (fig. I) involves the interaction of two high intensity
laser beams (pump and Stokes beams) at angular frequencies wI and w • When the
phase of the two frequencies is matched and the difference between W1 and w is

*. equal to a vibrational frequency of the gas being probed, an anti-Stokes photon
is generated at

Was 2 t- (1)

The intensity of the anti-Stokes emission is related to the induced polariza-
* tion of the medium which is expressed as

P(w) - X(1)E + X( 2 )E 2 + X(3)E3  (2)

where P is the induced polarization, X is the dielectric susceptibility, and E is
the electric field strength. It can be shown that for homogenous media the CARS
process is proportional to the third order susceptibility and the power generated
at the anti-Stokes frequency is

Pwas , A( Wa.s) 2/3,(3)/2p2t pw, (3)

where A is a constant, n is the refractive index at w , P is the laser power,

and /3X( 3 ) / is the magnitude of the total. third order susceptibility. The
total third order susceptibility of the medium is composed of frequency dependent
(resonant) and independent (non-resonant) terms

/3X(3)/2 XR2 + 2 XR XNR + XNR2 (4)
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For a simple, damped harmonic oscillator X R is expressed as

xR - KAi / [2(w j - (W I - ) - is] (5)

where w- is the ro-vibrational frequency, is the Raman linewidth, AN is
the popu:tion difference between the upper and lower states for a particular
transition, and K is defined as

Nc4  do (6

do
where N is the total number density, c is the speed of light, and - is the
Raman scattering cross section.

The above expressions assume that all frequencies are phase matched which
can be experimentally accomplished in two ways for gaseous molecules. The
w and w beams can be combined on a straight line or at large angular separa-

ti~ns called BOXCARS (ref 5). As shown in figure 2, the BOXCARS Phase matching
conditions are satisfied by

2w cs q Cucs ri w cos 6 (7)
2 n£w£ cos a s ws cos 0 + nas as

where ni is the refractive index at wavelength i.

Although the CARS process is related to conventional Raman scattering, the
technique has the following advantages:

1. The light emitted during the CARS process is shifted to higher fre-
quencies than wl, eliminating laser produced fluorescent interferences.

2. The process of mixing the various laser beams produces coherent

*(beam-like) emission which can be efficiently captured and detected.

3. The stimulated nature of the process greatly enhances the conversion
efficiency of the blue shifted anti-Stokes emission so that it is several orders
of magnitude greater in intensity than normal Raman.

4. The mixing geometry of the laser beams produces emission from dis-
crete and easily identified volumes.

5. The pulse nature of the lasers used to generate the CARS process

allows for sufficient temporal resolution to freeze out the chemical and fluid
dynamics.

These aspects of CARS make the technique attractive for probing transient
flames.

The primary purpose of these CARS experiments was to determine the reliabil-
ity of the CARS technique for making temperature measurements and to demonstrate
the feasibility of using the technique to probe transient, turbulent flames.

" * 7
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EXPERIMENTAL

CARS spectra are generated by use of the apparatus shown in figure 3. The
pump laser beam is produced by a Quanta-Ray DCR-lA Nd/YAG laser. The output of
the Nd/YAG laser at 1.06 microns (800 mj) is doubled to generate the pump beam at
5320 A (250 mj) which has a bandwidth less than 2 cm-I. The pump beam is sepa-
rated from the primary beam using prisms. Forty percent of the pump beam is
split off (BSI) to pump a dye laser to generate the Stokes beam. The dye laser
is operated broadband at 6073 A (10 mJ) with a 150 cm-I bandwidth. In BOXCARS
configuration the pump beam is split into two components which are spatially
separated to form an angle, 2a, when focused. The Stokes beam is introduced at a
second angle, 8, in the plane of the pump beams so that phase matching occurs.
CARS is generated in the region where the three beams cross at a third angle, y.

To achieve BOXCARS geometry, the pump beam is split using a 50 % beamsplitter

(BS 2). The wl beam is reflected from a dichroic (DC) which transmits the Stokes

beam, and wl' is separately reflected along another path so that the pump beams

are separated at the focusing lens. The BOXCARS signal is generated along Wl'

and, after dispersal and spatial separation with an aperture, is focused on the

slits of a monochrometer fitted with a PAR SIT detector. The signal from the

detector is subsequently sent to an OMA2 for processing.

In these experiments a 250 mm focusing lens was used with a pump beam cross-

ing angle of 5*.  This configuration has been shown experimentally (ref 5) to
give a spectral resolution near I ,im3. A 1/4 meter monochromator equipped with

an 1800 line per/mm grating gave an experimental spectral resolution of 8.00 cm
- 1

with 2.5 cm- 1 per channel.

Measurements were made on a premixed propane/air flame maintained on a 1.6-

cm-diameter circular burner surface constructed of a matrix of steel syringe
needles 0.2 cm outer diameter. The flame was stabilized by flowing N through a
2-cm-diameter concentric outertube. The flow rates of propane and alr were ad-

justed to approximately 130 and 2000 cm3 per min, respectively.

The propellant used was U.S. Navy SGP-38, which has the composition given in

table 1. The propellant samples, in the form of right-circular cylinders 12-mm
long, were burned in air.

Shadowgraphs of the propellant flame were produced with an argon spark of

approximately 1.0 microsecond duration with a Z-fold optical configuration.

Temperature Determination

In most air fed flames, nitrogen is a major inert constituent in the burning

gases issuing from the burner. An abundance of nitrogen is also predicted in

propellant flames by thermochemical calculations (table 2). Nitrogen is a con-

venient molecule to detect and use as an in situ gas thermometer. The actual

process of measuring a nitrogen CARS spectrum does not directly yield the gas

temperature. The shape of the spectral profile is indicative of the gas tempera-
ture. The change of the spectral profile must be calculated. A computer model

3
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is used to produce synthetic spectra. The input to this program is the gas tem-
peraturethe molecular constants of the probe gas, and the value for the nonreso-
nant susceptibility which accounts for the influence of other flame constituents
observed in experimental spectra. The scheme used to generate these computer
synthesized spectra is described in reference 6. The energy of the vibrational
and rotational transitions are calculated and individual level populations are
assumed to follow a Boltzman distribution.

These energies and populations are convoluted by equation 3 and the resulting
intensities are plotted as a function of Wi-w • These synthetic spectra can be
compared directly to experimental spectra as displayed in figure 4 or in cases
where the hot band [(2-1) band] is present, its height is compared to the curve
shown in figure 5 to estimate the gas temperature.

Table 1. SGP-38 propellant composition

Component Weight %

Nitrocellulose (12%) 47.5
Metriol trinitrate 39.4
Triethyleneglycol dinitrate 10.0
Ethyl centralite 1.0
Lead beta resorcilate 1.0
Cryolite 1.0
Cordella wax 1.0

Table 2. Thermochemical calculations

P =I ATM T = 2600 K

Co co H HO0 N

Mole fraction 0.43 0.07 0.18 0.19 0.10

Flame Measurements

To assess the ability of our computer model to accurately determine flame
temperatures, a number of spectral measurements were determined at various posi-
tions in a slightly fuel rich propane/air flame. CARS spectra were collected
both during a single laser shot and as an average of single shot spectra. Single
shot spectra (fig. 4) were obtained, while averaged spectra resembled that dis-

played in figure 6.
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The modeled spectrum (figs. 4 and 6) is in agreement with the average spectra
and, considering the low signal to noise for the single shot spectrum, the fit is
acceptable.

The gas temperature is displayed in figure 7 as a function ot position in
the premixed flame. As expected for premixed flames maintained on a flat flame
burner, the temperature remains nearly constant across the width and height of
the flame. Measured temperatures can be compared to that calculated for a stoi-
chiometric flame (2250 K) and determined for a propane/air diffusion flame (2150
K).

To determine the accuracy of the CARS temperature measurements additional
measurements were made using the sodium line reversal technique. The CARS and
sodium line reversal temperatures are compared in figure 8. The average differ-
ence between temperatures determined by the two methods at the same point in the
flame is 30.1 K.

To determine the feasibility for CARS temperature determinations in non-
ideal flames, CARS spectra were recorded in propellant flames at various posi-
tions along the flame centerline above the burning propellant surface. For sim-
plicity the experiments were carried out in air at atmospheric pressure. The
single pulse spectra (fig. 9) were produced at 0.1 second intervals approximately
63 mm above the propellant surface. The dramatic difference in spectral profile
and analyzed temperatures were an indication of turbulence and mixing of the hot
gases with air. A CARS spectrum was also produced at approximately 10 mm above
the surface in a single pulse (fig. 10). Although the spectrum was reduced in
intensity and had a much lower signal to noise ratio, it was analyzed to yield a
gas temperature.

DISCUSSION

The reference flame results confirm the usefulness of CARS spectroscopy for
flame temperature determination. The 2050 K maximum temperature measured for the
premixed propane/air flame is not unrealistic considering the position above the
burner where measurements were made, the stoichiometry of the gases, and the
burner design. The average agreement with Na line reversal temperatures is + 30
K. This is consistent with other CARS measurements recorded at lower tempera-
tures and those reported in the literature (ref 4), which determined the error
for temperatures evaluated in this manner to be + 50 K. Using this error the
propane/air flame temperatures are consistent with those reported for a propaue
diffusion flame (ref 4). The similarity between diffusion and premixed flame
temperatures is not surprising. It is expected that only the positions of maxi-
mum temperature are dependent upon flame type, since the same chemistry must
occur in both flame types (ref 7). The agreement with reported flame tempera-
tures, calculated values, and those determined in this work increases the validi-
ty of CARS temperature determination.

The initial attempt to use CARS to investigate actual propellant flames was
successful. The nitrogen CARS signal intensity was sufficient to obtain flame
temperature even for the spectrum recorded near the propellant surface. At this
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position one would expect that all nitrogen present was produced by the propel-
lant combustion, since the mass flow from the surface would be sufficient to
retard air from diffusing into this region. Typically, the materials produced
considerable amounts of soot and incandenscence on burning. Yet, the measure-
ments were relatively free from interferences, and the only interference observed
was due to large particles blocking one or more beams.

The high temperature measured near the propellant surface, 2500 K, is in
satisfactory agreement with the calculated flame temperature of 2600 K. The
range of temperature determined from spectra obtained at 63 mm above the propel-
lant surface is indicative of turbulent flow and mixing of surrounding air with
hot combustion gases. The mixing process is further substantiated by shadow-
graphs such as that shown in figure 11, which display eddies and dark zones at
this position in the propellant flame.

The unconfined burning of the propellant in air limits the interpretation of
the measured flame temperature in relation to combustion models such as the Parr-
Crawford nitrocellulose model, (ref 8). The influence of air on these reaction
zones alters the chemical reactions which occur and affect heat feedback to the
solid surface. Further work is required to better understand the influence of
air in this reaction scheme.

6
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Values in parenthesis represent horizontal displaceuent
(m) from the burner centerline. Burner halfwidth is 8 w.
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Top spectrum: 'Imax - 1312 counts, T - 2175 + 50 K
Middle spectrum: 1,,x - 179 counts, T - 2450 T 150 K
Bottom spectrum: Ima . 675 counts, T - 1950 7 75 K
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Figure 9. CARS nitrogen spectra of SGP-38 propellant flame burning in air taken
using single pulses 0.1 see apart 63 amabove the centerline of the
propellant surface
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